Abstract: This paper reports a numerical investigation of cold-formed high strength stainless steel square and rectangular hollow sections subjected to web crippling at elevated temperatures.
Introduction
Stainless steels are used in building applications for structural and decorative purpose. For examples, the St Paul's Cathedral in London and the roof of Chrysler Building in New York.
Stainless steel does not only have decorative functions, but it can also provide more durable buildings, better fire resistance and better corrosion resistance. Hence, stainless steel has been increasingly used in structural applications in recent years. Significant progress has been made in recent years in the development of design guidance for stainless steel structures in ambient temperature (room temperature). However, investigation of the structural performance of stainless steel structural members at elevated temperatures is relatively limited [1 -4] .
It is recognized that stainless steel has better structural performance in terms of stiffness and strength than carbon steel at elevated temperatures. Material behaviour of cold-formed stainless steel at elevated temperatures has been reported by Chen and Young [1] . Tensile coupon tests were conducted at different temperatures ranged from approximately 20 to 1000°C under both steady and transient state tests. The material properties of stainless steel types EN 1.4462 (Duplex) and EN 1.4301 (AISI 304) were obtained. A unified equation with different coefficients for yield strength, elastic modulus, ultimate strength and ultimate strain of stainless steel at elevated temperatures was proposed based on the test data. The material properties of stainless steel at elevated temperatures have also been conducted [5 -8] . The findings of these investigations demonstrated the superior material properties of stainless steel at elevated temperatures, particularly in the temperature ranged approximately from 500 -800°C. For example, generally at 800°C the strength retention of stainless steel is almost 4 times higher than those of carbon steel, and the stiffness retention is 7 times higher than those of carbon steel.
Web crippling is a form of localised buckling that occurs at points of concentrated loads or supports of structural members. Cold-formed stainless steel members that are unstiffened against this type of loading could cause structural failure by web crippling. Cold-formed stainless steel 3 members subjected to web crippling have two different type failure modes. They are web buckling, where the web crippling capacity mainly depends on the stiffness of the material, and web yielding, where the web crippling capacity mainly depends on the yield strength of the material. The current web crippling design rules in most of the specifications for cold-formed stainless steel structures are generally empirical in nature and are based on the test results of coldformed carbon steel. Furthermore, no web crippling design rules are given for stainless steel members at elevated temperatures. Hence, in this study, the web crippling design rules in the current American [9] , Australian/New Zealand [10] and European [11] specifications for coldformed stainless steel square and rectangular hollow sections are examined for the possibility of using the design rules at elevated temperatures. In doing so, the reduced material properties at elevated temperatures are used in calculating the web crippling strengths.
The objectives of this paper are to numerically investigate the behaviour of cold-formed high strength stainless steel square and rectangular hollow sections subjected to web crippling at elevated temperatures. The finite element analysis (FEA) program ABAQUS [12] was used for the numerical investigation. An accurate finite element model (FEM) that includes geometric and material nonlinearities was developed and verified against the web crippling tests conducted by Zhou and Young [13] at room temperature. Parametric study was carried out to study the structural performance of cold-formed stainless steel square and rectangular hollow sections subjected to web crippling at elevated temperatures. The stress-strain curves of cold-formed stainless steel tubular sections at elevated temperatures measured by Chen and Young [1] were used in the parametric study. The web crippling design rules in the current specifications [9 -11] for cold-formed stainless steel square and rectangular hollow sections at elevated temperatures is assessed by comparing the web crippling strengths predicted from the finite element analysis. The reduced material properties were used to calculate the web crippling strengths. In addition, the NAS Specification [14] for cold-formed carbon steel structural members was also used to predict the design strengths. Furthermore, a unified web crippling equation is proposed for cold-formed high strength stainless steel tubular sections subjected to web crippling at elevated temperatures by considering the reduced yield strength and stiffness at elevated temperatures.
Summary of experimental investigation
The experimental investigation of cold-formed high strength stainless steel tubular sections subjected to web crippling was performed at room temperature by Zhou and Young [13] .
The duplex and high strength austenitic stainless steel square hollow sections (SHS) and rectangular hollow sections (RHS) that included four SHS (Series SHS1, SHS2, SHS3 and SH4) and three RHS (Series RHS1, RHS2 and RHS3) were investigated. The nominal section sizes (d × b f × t) were 40×40×2, 50×50×1.5, 150×150×3, 150×150×6, 140×80×3, 160×80×3 and 200×110×4 for Series SHS1, SHS2, SHS3, SHS4, RHS1, RHS2 and RHS3, respectively, where d is the overall depth of web, b f is the overall width of flange and t is the web thickness in millimeters as shown in Fig. 1(a) . The measured cross-section dimensions of the test specimens are detailed in Zhou and Young [13] .
The material properties of the flat portion of the specimens for each series were determined by tensile coupon tests. The coupons were taken from the center of the face at 90°
angle from the weld in the longitudinal direction of the untested specimens. The tensile coupons were prepared and tested according to the American Society for Testing and Materials Standard [15] and the Australian Standard AS 1391 [16] for the tensile testing of metals using 12.5 mm wide coupons of gauge length 50 mm. The measured Young's modulus (E), static 0.2% proof stress (σ 0.2 ) and ultimate tensile strength (σ u ) as well as the elongation after fracture (ε f ) for Series SHS1, SHS2, SHS3, SHS4, RHS1, RHS2 and RHS3 are shown in Table 1 . The material properties of the corner portion of the specimens were also determined by tensile coupon tests for Series RHS2 and RHS3. The material properties of the corners for specimens in Series SHS1, SHS2, SHS3, SHS4 and RHS1 were extrapolated from Series RHS2 according to the measured σ 0.2 , σ u and ε f in the flat and corner portions. The tensile coupon tests of the flat and corner portions are detailed in Young and Lui [17] .
The tests were conducted under four loading conditions as specified in the ASCE Specification [9] and AS/NZS Standard [10] for cold-formed stainless steel structures, namely end-one-flange (EOF), interior-one-flange (IOF), end-two-flange (ETF) and interior-two-flange (ITF) loading conditions. A servo-controlled hydraulic testing machine was used to apply a concentrated compressive force to the test specimens. Displacement control was used to drive the hydraulic actuator at a constant speed of 0.3 mm/min for all test specimens. The load or reaction forces were applied by means of bearing plates. The web crippling tests are detailed in Zhou and Young [13] .
Finite element model

General
The finite element program ABAQUS [12] was used to simulate the cold-formed high strength stainless steel tubular sections subjected to web crippling. There are three main components that need to be modelled. These components are the bearing plates, the stainless steel section and the interfaces between the bearing plates and the stainless steel section. In the finite element model (FEM), the measured cross-section dimensions and material properties obtained from the tests were used. The model was based on the centreline dimensions of the cross-sections.
The corners of the cold-formed stainless steel sections were accurately modelled.
Element Type and Mesh
The bearing plates were modelled using analytical rigid plates, and the cold-formed high strength stainless steel section was modelled using the S4R shell element. It is mentioned in the 6 ABAQUS manual that S4R element which is a four-node doubly curved thin or thick shell element with reduced integration is suitable for complex buckling behaviour. The S4R element has six degrees of freedom per node and provides accurate solutions to most applications [12] .
The finite element mesh used in the model was investigated by varying the size of the elements in the cross-section to provide both accurate results and less computational time. The finite element mesh sizes ranged from 2×2mm (length by width) to 10×10mm were used for the flanges and webs depending on the size of the sections, where a finer mesh size of 6 elements at the corners of the sections was used. The typical finite element mesh of the square and rectangular hollow sections under the end and interior loading conditions are shown in Figures 2 -5.
Boundary Condition and Interface
Due to symmetry, only one-half of the cross-section was modelled, as shown in Fig. 1(b) .
The nodes on symmetry surface were prevented from translational displacement in the X direction and rotation about the Y and Z axes, as shown in Figures 2 -5 . The interfaces between the bearing plates and the cold-formed high strength stainless steel section are modelled using the contact pairs. The contact pair allows the surfaces to separate under the influence of a tensile force. However, the two contact surfaces are not allowed to penetrate each other.
Method of Loading
The loading method used in the finite element analysis was identical to that used in the tests. The displacement control method was used for the analysis of the cold-formed high strength stainless steel square and rectangular hollow sections subjected to web crippling. Transverse compressive load was applied to the specimen by specifying a displacement to the reference point of the analytical rigid plate that modelled the bearing plate.
Material Modelling
The measured stress-strain curves of the specimens at room and elevated temperatures were used in the analysis. The material behaviour provided by ABAQUS allows for the multilinear stress-strain curve to be used. The first part of the multi-linear curve represents the elastic part up to the proportional limit stress with measured Young's modulus and Poisson's ratio equal to 0.3. Since the analysis of post-buckling involves large in-elastic strains, the nominal (engineering) static stress-strain curve was converted to a true stress and logarithmic plastic strain curve. The true stress (σ true ) and plastic true strain ( pl true ε ) are specified in ABAQUS [12] .
Verification of finite element model
In the verification of the finite element model (FEM), a total of 28 cold-formed high strength stainless steel tubular sections subjected to web crippling tested by Zhou and Young [13] at room temperature were analysed in this study. The measured cross-section dimensions and stress-strain curves for flat portions of the specimens were used in the analysis. In addition, the measured and predicted stress-strain curves of the corner portions of the specimens were also used. A comparison between the experimental results (P Exp ) and the finite element results (P FEA ) was carried out to verify the accuracy of the finite element model, as shown in Table 2 . Generally, it can be seen that good agreement has been achieved between both results for all specimens. A maximum difference of 9% was observed between the experimental and numerical results for specimens EOF160×80×3N75, IOF50×50×1.5N50, IOF150×150×3N75 and ETF160×80×3N75.
The mean value of the P Exp /P FEA ratio is 0.99 with the corresponding coefficient of variation 
Parametric study
It is shown that the FEM can closely predict the behaviour of cold-formed high strength stainless steel square and rectangular hollow sections subjected to web crippling. Hence, parametric study was carried out to study the structural performance of cold-formed high strength stainless steel square and rectangular hollow sections subjected to web crippling at elevated Table 3 . The stress-strain curve of the flat portions of cold-formed duplex stainless steel tubular sections at elevated temperatures measured by Chen and Young [1] were used in the parametric study. The stress-strain curves of the corner regions of the cold-formed stainless steel section differ from those of the flat regions due to cold-working. It has been observed that enhancements in 0.2% proof strengths are obvious in the corners of roll-formed sections [18] at room temperature, but corner and flat material display similar proof strengths at high temperatures [7] . The enhancements of the corner regions have little effects on the ultimate web crippling capacity, due to the failure takes place in the web. Hence, the enhancements in 0.2% proof strengths of the corner regions are not considered in the parametric study. The measured material properties of yield stress (σ 0.2 ) and elastic modulus (E) for cold-formed high strength stainless steel at elevated temperatures are shown in Table 3 .
The numerical results of the parametric study for the four loading conditions are shown in Table 4 
Reliability analysis
The reliability of the web crippling design rules is evaluated using reliability analysis. The reliability index (β) is a relative measure of the safety of the design. A target reliability index of 3.0 for stainless steel structural members is recommended as a lower limit in the ASCE Specification [9] . The design rules are considered to be reliable if the reliability index is greater than or equal to 3.0. The resistance factor ( 1 w φ ) for web crippling strength as recommended by the current ASCE Specification [9] , EC3 Code [11] , and NAS Specification [14] 
Comparison of numerical results with current design strengths at elevated temperatures
The web crippling strengths (P FEA ) per web predicted from the finite element analysis at elevated temperatures were compared with the nominal web crippling strengths obtained using the ASCE Specification [9] , AS/NZS Standard [10] and EC3 Code [11] Part 1.4 by substituting the reduced yield strength (σ 0.2 ) and elastic modulus into the conventional design rules. The nominal web crippling strengths of the cold-formed high strength stainless steel tubular sections at elevated temperatures were calculated using the cross-section dimensions and the reduced material properties as shown in Table 3 . The AS/NZS Standard [10] has adopted the web crippling design rules from the ASCE Specification [9] . Hence, the web crippling design strengths used to predict the web crippling strengths, this is because the test specimens were cold-formed.
In addition, the web crippling strengths (P FEA ) predicted from the FEA were also compared with the nominal web crippling strengths (P NAS ) predicted using the NAS Specification [14] for coldformed carbon steel structural members. Tables 5−8 show the comparison of the web crippling strengths (P FEA ) with the nominal (unfactored design) strengths at elevated temperatures for the four loading conditions (EOF, IOF, ETF and ITF).
In Tables 5-8 Tables 6 and 8 . For EC3 Code, the design strengths are generally very conservative and reliable for the four loading conditions at elevated temperatures. The maximum mean value of the load ratio P FEA /P EC3 is 5.86 with the corresponding COV of 0.093 and the value of β 1 = 9.10 and β 2 = 10.11 for ITF loading condition, as shown in Table 8 . For NAS Specification, the design strengths are generally conservative but unreliable, except for the EOF loading condition. The minimum mean value of the load ratio P FEA /P NAS is 1.10 with the corresponding COV of 0.176 and the value of β 1 = 2.37 and β 2 = 3.20 for IOF loading condition, as shown in Table 6 . It should be noted that the comparison of web crippling strengths predicted from FEA with the nominal web crippling strengths show negative values for ITF loading condition for some specimens, as shown in Table 8 . This is because the cross-section geometries in the parametric study beyond the limitation of the inside corner radius-to-thickness ratio of 5 (r i /t ≤ 5) as specified in the NAS Specification. Therefore, the mean value of the load ratio and the reliability index are not reported for ITF loading condition.
Proposed design equation
Cold-formed stainless steel square and rectangular hollow sections subjected to web crippling have two different types of failure. They are web buckling, where the web crippling capacity mainly depends on the stiffness of the material, and yielding in the web, where the web crippling capacity mainly depends on the yield strength of the material. The yield strength and stiffness of stainless steel reduces as the temperature increases. In this study, the proposed design web crippling equation takes into consideration of the reduced yield strength as well as stiffness at elevated temperatures for cold-formed high strength stainless steel square and rectangular hollow sections. Equation (1) is the proposed unified equation with coefficients C, C R , C N and C h .
where C is the coefficient, C R is the inside corner radius coefficient, C N is the bearing length coefficient, C h is the web slenderness coefficient, t is the thickness of the web, f y,T is the yield stress (σ 0.2 proof stress) at a given temperature T in degree Celsius (°C), θ is the angle between the plane of the web and the plane of the bearing surface, r i is the inside corner radius, N is the length of the bearing, E T is the elastic modulus at a given temperature T in degree Celsius (°C), and h is the depth of the flat portion of the web measured along the plane of the web. The coefficients are determined based on the numerical results obtained in this study as well as the experimental results, and the values of the coefficients are shown in Table 9 . The limits of the proposed unified web crippling equation (Eq. (1)) at elevated temperatures are h/t ≤ 87, N/t ≤ 100, N/h ≤ 1.6, r i /t ≤ 5.5 and°= 90 θ .
Comparison of numerical results with proposed design strengths at elevated temperatures
The unfactored design strengths calculated using the proposed unified equation (1) were compared with the web crippling strengths (P FEA ) predicted from the FEA. The proposed design strengths were calculated using the cross-section dimensions and material properties as those used in the parametric study. The resistance factor φ w1 = 0.70 was obtained from reliability analysis.
The load combination of 1.2DL + 1.6LL was used to determine the reliability indices (β 1 and β 2 ), as shown in Tables 5−8 .
The proposed design strengths are generally conservative and reliable for EOF, IOF, ETF, and ITF loading conditions. The maximum mean value of the load ratio P FEA /P p is 1.26 with the corresponding COV of 0.087 and the value of β = 4.32 for ETF loading condition at elevated temperatures, as shown in Table 7 . The minimum mean value of the load ratio is 0.98 with the corresponding COV of 0.084 and the value of β = 3.37 for ITF loading condition at elevated temperatures, as shown in Table 8 . The reliability indices (β ) are greater than the target value for all four loading conditions. The design strengths obtained from the proposed unified equation are more accurate than those predicted from the current design specifications.
Comparison of experimental results with proposed design strengths at room temperature
The web crippling test strengths of cold-formed high strength stainless steel square and rectangular hollow sections at room temperature conducted by Zhou and Young [13] were also compared with the design strengths obtained using the proposed unified equation, as shown in Tables 10 -13 . The same values of the coefficients C, C R , C N and C h for cold-formed high strength stainless steel tubular sections at elevated temperatures, as shown in Table 9 , were used to calculate the proposed design strengths at room temperature. The load combination of 1.2DL + 1.6LL was used to compute the reliability index (β). The design strengths are generally conservative and reliable for the four loading conditions. The maximum mean value of the load ratio P Exp /P p is 1.12 with the corresponding COV of 0.081 and the value of β = 3.88 for the ITF loading condition at room temperature, as shown in Table 13 . The minimum mean value of the load ratio is 0.94 with the corresponding COV of 0.106 and the value of β = 3.06 for the ETF loading condition at room temperature, as shown in Table 12 . The reliability indices (β ) are greater than the target value for all loading conditions.
Conclusions
Numerical investigation of cold-formed high strength stainless steel square and rectangular hollow sections subjected to web crippling at elevated temperatures has been presented in this paper. A finite element model including geometric and material non-linearities has been developed and verified against experimental results. The finite element model closely predicted the behaviour of cold-formed high strength stainless steel square and rectangular hollow sections subjected to web crippling at room temperature. Hence, parametric study was carried out to study the structural performance of cold-formed stainless steel square and rectangular hollow sections subjected to web crippling at elevated temperatures. The web slenderness (h / t) values of the hollow sections ranged from 13.7 to 87.0, and the temperature ranged from 22 to 960°C. The appropriateness of the web crippling design rules in the current specifications for cold-formed stainless steel at elevated temperatures has been examined. The web crippling strengths predicted from the finite element analysis were compared with the design strengths calculated from the current ASCE Specification, AS/NZS Standard and EC3 Code Part 1.4 for stainless steel structures by using the reduced material properties due to elevated temperatures. The NAS Specification for cold-formed carbon steel structural members was also used to predict the design strengths.
Finally, a unified web crippling equation for cold-formed high strength stainless steel tubular sections subjected to web crippling at elevated temperatures has been proposed. It is shown that the design strengths calculated using the proposed unified equation are generally conservative and reliable for the end-one-flange (EOF), interior-one-flange (IOF), end-two-flange (ETF) and interior-two-flange (ITF) loading conditions at elevated temperatures. It is also shown that the proposed design strengths are more accurate than the current design strengths predicted by the aforementioned specifications. In addition, the test results obtained by Zhou and Young [13] at room temperature for cold-formed high strength stainless steel square and rectangular hollow sections were also compared with the design strengths obtained using the proposed unified web crippling equation. It is shown that the design strengths obtained from the proposed unified web crippling equation are also generally conservative and reliable for the web crippling tests.
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